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and Sanders-Loehr, J. (1994) J. Biol. Chem. 269, 24 Andersson, K. K., Frdand, W. A., Lee arising from a ferromagnetically coupled spin system that appeared to have lost the Fe-Fe backscattering (as seen in EXAFS), suggesting that the oxygen bridge between the iron atoms may have broken or that the hydroxo bridge has been converted into a water bridge.
The catalytic cycle in Mc. capsulatus was shown to involve all three components and it was suggested that the di-iron centre of the hydroxylase underwent a series of redox changes to facilitate binding and activation of dioxygen to the high-valent ferryl species ultimately responsible for the electrophilic abstraction of a hydrogen atom from methane to produce a methyl radical. The resultant radical would then interact with an iron-bound hydroxyl species to generate methanol ( Figure 1 ) [13, 14] . In Ms. trzchosporiurn a similar cycle has been proposed, although the presence of the regulatory protein B was not considered essential, since chemically reduced hydroxylase was able to undergo a single turnover on addition of methane and O2 [6] . Addition of protein B would, however, accelerate the initial velocity of the reaction by up to 150-fold [15, 16] . In the cycle as shown in Figure 1 the generation of the metal-bound oxene (ferryl) occurs through Volume 25 the addition of two reducing equivalents and O2
to the oxidized hydroxylase. In the case of cytochrome P-450, in which a similar intermediate has been proposed, it is also known that the two reducing equivalents and O2 can be replaced by H202 in the well-known 'peroxide shunt' pathway [17] . The same is true for MMO in which the NADH2, 02, protein B and reductase can be substituted by H202 [18, 19] . The rates of hydrocarbon oxidation by the peroxide-driven system are only about 10% of those observed for the complete system, and the product distribution from substrates in which primary, secondary and tertiary carbons are available for attack differed in the two systems. Attack at primary carbon atoms was significantly reduced in the peroxidedriven system, suggesting that a weaker electrophilic species may be involved when the peroxide shunt is used. Certainly the distribution of products from the oxidation of propane or 2-methylbutane are reminiscent of attack by the relatively weaker 'OH species which would be formed by homolytic 0-0 bond cleavage. However, 2-methylpropane oxidation [ZO] by the two systems gave identical product distributions, so it is possible that both homolytic and heterolytic 0-0 bond cleavage could occur. Indeed we have proposed that multiple pathways are involved in substrate oxidation [ZO]. The type of mechanism used depends on the nature of the substrate and oxidizing species. In the case of trans-2-butene oxidation by the complete sMMO system, 68% alcohol and 32% epoxide were given. With the peroxide-driven hydroxylase only 3% of the alcohol was formed and 97% of the epoxide was formed. Thus it is possible that the weaker 'OH would have greater difficulty in abstracting H from RCH2-H [435 kJ/mol (R = H); 377 kJlmol (R = alkene)] than breaking the -CH=CH-bond in 2-butene (K bond = 293 kJlmol) and producing an epoxide by direct oxygen insertion. We have also observed that the nature of the hydrocarbon substrate can also affect the mechanism. The oxidation of carbon monoxide and pyridine by the complete sMMO system gives carbon dioxide and pyridine N-oxide respectively as products, and yet these were the only two substrates from the dozen tested for which we were unable to detect any carbon-centred radical intermediates [ 141. We have suggested that these compounds are oxidized via direct oxygen insertion and not via hydrogen atom abstraction [20] . It is possible that, for alkenes at least, this may be the preferred route since they are extremely good MMO substrates but give very weak EPR signals in the radical-trapping experiments.
In contrast with the results obtained with the complete sMMO system, which required protein B for maximum activity [5] , the peroxide shunt system was progressively inhibited by increasing amounts of protein B until complete inhibition was observed at a ratio of protein Blhydroxylase of 2:l [19] . These effects for Mc. capsulatus were also observed in the Ms. trichosporium system, which showed a shift in product distribution ratio as the amount of protein B was increased [18] . In the absence of protein B, there was a lower preference for primary carbon hydroxylation than in its presence. Since one would expect the same high-valent iron oxene species to be present irrespective of the oxygen donor (and this is essentially true whatever H202 or Oz is used, as judged by the qualitative nature of the products), then the only reason for differing product distributions must reside in the interaction with protein B. Complex explanations for these data with H202, the complete system and the single-turnover system have been advanced [8, 21] suggesting that protein B binds to the hydroxylase to alter the structure of the active site and thereby alter the way substrates approach the active oxygen species. Such explanations, however, need substantiating by experimental fact and currently there are too few data (either structural or dynamic) on the interaction between the hydroxylase and protein B to give a meaningful analysis.
Several of the proposed intermediates in the sMMO catalytic cycle have now been characterized using rapid-scan stopped-flow rapidquench Mossbauer spectroscopy and Raman spectroscopy techniques [ 8, 221 . The diferrous oxygen adduct (Fe" Fe"*02) has not been detected and its rate of formation ( > l o 7 M-'.s-') is probably diffusion controlled. The next intermediate in the cycle (peroxo, P) (Figure 2) , which is the result of electron transfer from Fe" to 02, has been identified in the Mc. capsulatus enzyme. The physical characteristics of the peroxo complex are shown in Table  1 . The Mossbauer spectrum exhibits a single symmetric doublet, and an isotope-sensitive (O'6-O's) Raman band at 905 cm-' suggests that the peroxide ion is bound to iron (one or both) through both oxygen atoms. Possible structures for the peroxo complex are shown in Figure 3 . The high-valent iron 0x0 intermediate ( Table 1 and some of these have been shown to be substrate-dependent. The rate-determining step in the catalytic cycle is almost certainly release of product. In all of these experiments, observation of intermediates P, Q and T required the presence of two equivalents of protein B. Protein B has also been implicated in the redox reactions of the hydroxylase. Here again there have been different values recorded for the two bacterial systems. The E b values for the two redox couples (versus normal hydrogen electrode) have relied upon EPR and Mossbauer spectroscopies to determine the relative amounts of the mixed-valent and fully reduced hydroxylase species in the presence of redox-active mediators. The values for the couples: Table I Characterization of peroxo and high-valent iron-ox0 intermediates
The data for Ms. trichosporium were taken from refs. [8] and [23] and those for Mc capsulotus from refs. [22] and [24] .
Ms. trichosporiurn
Mc. capsulotus (Bath) (OB3b) (I I) are given in summary form in Table 2 .
Criticisms of these data [25] include the fact that some mediators bind to the hydroxylase to change their spectroscopic properties or that they have been studied at temperatures vastly different from those at which the redox reactions were undertaken [27] . To overcome these objections we have undertaken direct electrochemistry using gold electrodes that have been modified with hexapeptides containing cysteine and lysine residues [27] . Such peptides provide a positively charged surface to which the hydroxylase may bind and thus serves as a conduit for electrons. Differential pulse voltammetry produced two waves for the first and second electrons being 
Possible structures for the peroxo complex
Compiled with information from ref. [24] .
transferred to the hydroxylase centre at + 248 mV (EA) and -142 mV (Ei). Addition of protein B resulted in a shift of both potentials to more negative values. Such an observation was in accord with observations using mediator-assisted electron transfer (see Table 2 ). This shift to negative values caused by the protein B is consistent with the view that protein B serves to induce a conformational change in the hydroxylase, which is transmitted to the active site. The lowering of the redox potential by protein B would also facilitate binding of dioxygen to the metal centre of the hydroxylase and could therefore serve to regulate the activity of the enzyme system; in the absence of protein B there would be no methane oxidation since O2 would not bind to the hydroxylase. One could therefore postulate that activity of the complex could be regulated through modulation of protein B. We have noted that protein B can exist in two forms: a fulllength fully active form (B) and a truncated form that is inactive and has lost 12 amino acid residues from the N-terminus (B'). Separation of these two forms by conventional chromatographic procedures has proved difficult, but, if pure B is left at room temperature, it rapidly degrades to B' by an autocatalytic mechanism (A. Bhambra and H. Dalton, unpublished work). Since B' had no effect on altering the redox potential values of the hydroxylase and since it is completely inactive in all enzyme assays (it also binds three times less strongly to the hydroxylase than B), we believe that the cleavage of 12 amino acids from B to form the inactive form is crucial.
The presence of an inactive form of protein B in preparations may demand a reinterpretation 73 Table 2 Reduction potentials (in mV versus normal hydrogen electrode at pH 7.0) of the hydroxylase from two organisms in the absence and presence of protein B Data for Mc. capsulatus were taken from refs. [9] and [26] 
